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Internal Energy and Heat Capacity: 
€ 
Q = W +ΔU          Q, W, U =  Heat, Work, Internal Energy
ΔU = Q −W
dU = dQ −dW
When W = 0 :
ΔU = CΔT         Q = CΔT           C is a constant (Heat Capacity)
Q = CpΔT    at constant pressure,    Q = CvΔT    at constant volume
The system gains heat: Q is positive 
The system performs work: W is positive 
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€ 
H = U + PV        H = Enthalpy
dQ = dU + PdV          dH = dU + PdV + VdP        dQ = dH −VdP
When V = k, Q = ΔU               When P = k, Q = ΔH
H as a function of T and P :
dH = ∂H
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€ 
dS = dQT         TdS = dQ                When P = k, TdS = CPdT
dS = CP
dT
T         S = CP
dT
TT0
T
∫ = CP ln TT0
       At T0 S = 0
Entropy 
Enthalpy 
€ 
dH = CPdT      H = CP dT
T0
T
∫ = CP T −T0( )       At T0 H = 0
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Denaturation of proteins (enzymes) 
PF               PU 
•  Reversible denaturation (folded to unfolded) 
•  CP of unfolded protein ≠ CP of folded protein 
•  CP increases upon protein unfolding 
•  ΔCP (unfolded – folded) is positive and constant (independent of T)  
€ 
Free Energy of Unfolding (U -  F) :
ΔG = ΔH −TΔS         ΔG = ΔCP (T −T0 ) −TΔCP • ln
T
T0
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Slope and curvature of ΔG(T) 
€ 
ΔG = ΔCP (T −Th ) −TΔCP • ln TTs
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Slope of ΔG(T) 
Curvature of ΔG(T) 
When ΔS = 0             maximum of ΔG     Protein stability at Ts: maximum 
At Ts: ΔGs = ΔHs      When ΔG = 0             melting of protein (Tm)  
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Th = 17°C, Ts = 20 °C, ΔCP = 1.5  kcal/°KMole 
Ts 
Th 
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Ts 
Th 
Tm 
€ 
When ΔG = 0, ΔH = TΔS     Tm =
ΔHm
ΔSm
Protein stability curve 
ΔHm, Tm, ΔCP: 
observed (calorimetry) 
ΔSm: 
calculated. ΔSm = ΔHm/Tm 
Th and Ts: 
Tm – Th = ΔHm/ΔCP 
ln(Tm/Ts) = ΔSm/ΔCP  
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Distribution of molecules between energy levels 
Let us consider 3 molecules (A, B, C) and 3 energy levels (E1, E2, E3) 
Distribution 1: one molecule per energy level (N1 = 1, N2 = 1, N3 = 1) 
Distribution 2: 2 molecules in E1, E3 is empty (N1 = 2, N2 = 1, N3 = 0) 
Distribution 1 Distribution 2 
E1 E2 E3 E1 E2 E3 
A B C AB C 
A C B AC B 
B A C BC A 
B C A 
C A B 
C B A 
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Calculation of ways: 
€ 
W = N!N1!N2!....N j!
In our example :
W1 =
3!
1!1!1! =
3 • 2 •1
1 •1 •1 = 6
W2 =
3!
2!1!0! =
3 • 2 •1
2 •1 •1 •1 = 3
W represents the number of ways the molecules 
can be distributed. 
Do the two distributions have the same 
probability? Largest W corresponds to 
highest probability. 
W and entropy: 
the state featuring the largest W is figured out as 
the most “disordered”. 
Highest entropy, highest probability.    
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ϕ and ψ angles between neighbour amino acids 
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aA 
All residues Glycine Proline 
Ramachandran plot for individual residues 
Glycines are distributed over a large area of the Ramachandran plot. 
Prolines occupy a small area. ϕ and ψ angles for prolines are restricted 
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Entropy and protein stability (Némethy et al., 1966, J. Phys. Chem., 70: 998-1004) 
€ 
ΔS = Entropy of unfolding (unfolded -  folded) = ΔSconf
ΔSconf = R ln zn
z = number of conformations of each amino acid          n = number of amino acids
How does ΔSconf behave? 
•  z is not the same for different residues in the unfolded protein 
•  rotation around N-Cα and Cα-C’: minima ≅	 1 kcal/Mole 
•  multiple rotamers, z interpreted as an empirical parameter 
•  steric hindrance as the major factor in determining allowed conformations  
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Némethy et al., 1966, J. Phys. Chem., 70: 998-1004 
Distribution of conformations 
•  0: generally disfavoured 
•  1-4: Gly-Gly 
•  2-4: Gly-Ala 
•  3-4: linear Cβ-Cγ-Cδ-Cε 
•  4: Gly-Val, Gly-Ile 
Each area could be divide into 
sub-domains  according to the 
likelihood of conformations. 
We assume  that  each region 
does contain conformations of 
equal probability. 
The area of the plot (γ) can be 
normalized to 1. 
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γ = 1 (entire area of the plot)       γi relative area of a subdomain of the plot 
γh = relative area for the α-helix 
€ 
ΔSconf = R ln
γy
γh
Entropy of unfolding for the residue y 
Estimation of γh. Difficult and demanding task (dynamics of a-helix): 
bond lengths, angles, rotations  
€ 
ΔΔSconf = ΔSconfX −ΔSconfGly = R ln
γx
γgly
Relative Entropy of unfolding 
Relative entropy of unfolding (Gly as the reference). 
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Amino Acid Side Chain γ of A.A. ΔSrel 
Glycine H 0.520 0 
Alanine Cβ 0.160 -2.4 
Linear chain Cβ-     
0.140 -2.7 Cβ-    - 
Cβ-    -    - 
Leucine Cβ-    < 0.110 -3.1 
Val, Ile Cβ< 0.046 -4.8 
Threonine Cβ< 0.060 -4.3 
- 
ΔSrel (Ala,Gly) = Rln(0.16/0.52) = 1.987ln(0.3077) = -2.342 cal/°KMol  
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Lysozyme catalyzes the hydrolysis of ß-1,4 
bonds in peptidoglican ( between N-acetyl- 
glucosamine and N-acetyl-muramic acid).  
Catalytic residues: 
E11, D20.  
The active site resides between the two 
(N-ter and C-ter) domains of the protein. 
A N-terminal flexible region faces the 
substrate.  
PRIMARY STRUCTURE OF PHAGE T4 LYSOZYME 
N-ter 
C-ter 
Active site 
164 RESIDUES, 11 GLYCINES 
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aA 
All residues Glycine Proline 
Ramachandran plot for individual residues 
Glycines are distributed over a large area of the Ramachandran plot. 
Prolines occupy a small area. ϕ and ψ angles for prolines are restricted 
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Same number of glycines 
(5) In the two domains. 
Two glycines (G12 and G23) 
lie  in proximity  of  the two 
catalytic residues (E11, D20) 
The region between E11 and 
D47 is flexible 
Introduction of artificial  
disulfide bridges greatly 
stabilizes the protein. 
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Unfolded state(s) 
Folded state 
∆G of folding 
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Single folded state or set of folded states? 
At low temperatures: 
very narrow distribution of folded 
States. 
At ordinary temperatures: 
The transition between different 
folded sub-states occurs.  
“The native conformation” is more 
likely a family of tertiay strctures in 
equilibrium. 
The bottom is wider at 25 °C  
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Unfolding and entropy 
∆G of unfolding 
Wide distribution 
Narrow distribution 

